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The case of s streamtube of cold gas going through a strong normal
shack wave is treated. Chemical reaction is allowed to occur downstream
of the shock, where the pressure and the distributien of certain turbulent
correlation functions are prescribed as a function of distance. It is

a
he flow field mainly through the ef-

[

shown that the turbulence modifies
fects it has on the reaction rates leading to & hotter gas than if just
rhe mean values of the thermodynamic functions for the turbulent flow

were considered. The Gibbs® funcrion for the fluid is also modified by
the turbulent fluctuations, thus leading to different final equilibrium

conditions.

This work was sponsored by the Advanced Research Projects Agency,
Washington, D. C., under ARPA order 203-61, monitored by the Army Ordnance
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1. INTRODUCTION
The present work was motivated by an attempt ro find theoretical
explanations of the observable phenomena regarding trails left in the

atmosphere by objecis flying through it at hypersonic speeds.

In the case of equilibrium flow, it has been shown by the author {1}3
and others (2) that for laminar flow, the trails left by blunt )
objects could be miles iong depending on the detector used by the
observer. 1t was also recognized {1}, and recently quantitatively sub-
stantiated by Lees and Hromas (3), that when the trails become turbulent,
the cooling occurs much more rapidly than in the lawinar diffusion case.
It is also known that when certain metallic pellets are fired at high
speed or when small meteors disintegrate in the atmosphere, they leave
luminous trails which sometimes are longer than estimated frem the laminar
or turbulent thermodynamic equilibrium models {for pure air, for example}

cudied in the already mentioned references. This effect has been easily
"axplained away" in the past by saying that the ablation products
conraminate the high temperature air, thus leading to large increases in

radiastion.

Although the foregning explanation may be the correct one in many
physical situations of interest, the question was investigated by the
author, sometime ago, regarding the possibility of the existence of
a rew effect caused by the possible non-linear interaction of the turbulentr’
oscillations (in a compressible reacting fluid) with the reaction rates
rhemselves. GCould this interaction affect the rate of cooling of the

turbuleat wake of a blunt-nosed body? The answer trurned out to be in the

oty

affirmative, but the effect was a function of the magnitude of the oscillating
guantities relative to their mean values. Some of these guantities have

heen measured in relatively low speed flows, and for those cases, thev are of

=

3, . ; :
Numbers in parentheses denote references at the end of this paper.
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small magnitude, However, Slattery and Clay (4) have recently shown
experimentally that the oscillations in hypervelocity wakes can be
large., It was this last result that motivated the present quantitative
study.
2, EFFECT OF TURBULENCE ON THE CONSERVATION EQUATIC..S OF A REACTING

FLUID

In order te bring to the forefront the coupling of the turbulence
with the chemical kinetics, we will ne~lect all normal gradients when
comparsd with the ones in the direction of motion. Thus, Reynolds and )
viscous stresses and laminar and turbulent conduction Jisappear from the
continuity, momentum and energy equation. In general, this is a very
important restriction, but is not important for the purpose of this paper.
The problem will thus be reduced to rhe inviscid adiabatic flow in a
streamtube, with a prescribed pressure as 3 function of disrance. However,
the conservarion equations, so drastically simplified, contain quantities
which are in general functions of time. When mean values in time are
taken, certain correlation functions appear. The most important effect,
however, occurs in regard to the modification of the chemical kinetic

rates.

2.1 The Coaservation Eguations

—

The conservation equations for a compressible reacting fluid
with no normal gradients subject to 3 prescribed precsure gradient will
be written. The reason for treating essentially the case of a streamtube
which is subject to a given pressure distribution, is thar it is the
simplest case that could be considered in which the main features of a
hypersonic wake of a blunt body can be kept in the prcblem: the strong
pressure gradients waich povern the chemical «inetiecs of the problem.

This streamtube could be interpreted as the first approximation to the

(3]

“enter streamtube of a turbulent reacting wake. 1In order to kKeep the
problem simple, the analysis will be restricted te a diatomic gas which

can dissociate and recombine. Let any scalar quantity time varying

[}
"
o
[ S
™Y

RR-5,

P



quantity g be decomposed into g+g’, where q represents the time averaged

value and q' is the rime dependent parr. Ailse, let bars over a guantity

denote a time average taken af a given point in space and will be

used only when its deletion may lead tc ambiguity., The equations for
the mean quantiries in on ngional flow are given below (5)
du dy g | _ .. TF . mridl
{omer : Sot gfut o= = i p w S + ugu' + plut
Momeatum f:::u ax + 3 ax an \f *};} r Fu }
i 1

where u, p, P and T denote, respectively, thg_fime averaged values of
velocity, pressure, density and temperature, u'? is the Reynolds stress

in the x-direcrion, s denotes axial distance, non-dimensionalized for
example with respect te body radius rn; i.e. s = x}rn; R is undissociated
(cold) gas coustant, the primes denote time varying quantities, and the
bars denote time averages at a fixed position in space, The subscript

o denotes values of the guantities in the undisturbed gas ahead of the
projectile, Our streamtube will consist, at the extreme left, of the
free-stream gas which first goes through a normal shock wave (discontinuous)
across which no chemical reaction takes place. Downstream of the shock

z

wave, chemical reaction is allowed to proceed with a prescribed .ressure
history which can be approximately prescribed a priori for a particular
body shape because, for our purpose, it is not a sufficiently seasitive

function of the reaction ractes.

A { ,';\ = =
F 3 . u i
Continuity: —:Q - :{uu \1 + ? L{; =
§2c o Pu /

where A denotes the cross section of the streamtube, and the subscript

@ denotes free stream conditions.
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14 3; plu’ L u't Q'u*w\ ‘u! u'” r
2 dx ?u L3 ‘;u * 2 *T 2 + 3]} %.3]

where h denotes eathalpy.

From statistical mechanics, if it is assumed that the vibra-
tional energy is always in equilibrium with the translational energy
(i.e. vibraticnal excitation rates are infinitely fast), and this is
not a significant restriction for the present purpose, the enthalpy of

a dissociated diat.mic gas cax be wrirten as a function of temperature

and atomic mass fraction y, as

r B T
;}r -%(L(S+g)y+€%+ﬁ)€l-y)_; +y(§-ﬁ)‘v’,§-
@ mL ¥

T

: N

A%
T ~ B exp (6, /M

P § ot

-1 L

where Qv is the vibrational constant of the molecule and I = 5 ,36501(

§-
- (1-y) g [exr (Gvi2§j ii +

-

8 /T
exp (8_/T) -1

3 p/p ~tT? Tt Ty’ T ip: o~ —
Stata @ - (L+y) ,L+,;E +%}y +y'1‘ +§.’.§‘?7T 35_}
2 T ol oy yT F)’T -
o T i [
foo oo
hemie rE U I I — —
Chemical Kinetics: o u dy “d x Léi
r u_ds 2 -
noowm W W
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where Id and Ir stand, respectively, for the dissocistion and recombina-

tion terms in the kinetic equation, and W is the atomic weight of the
chemical species. The novel results that will be presented, will depend

heavily on Eq. 6 which "ill be derived in detail in the next sertion. %

The unknowns are A, u, P, ¥ and T as functions of s, as well as
all the correlation functions. These will have to be specifizd as a

function of s and will be discussed in Section 3,

2.2 The Chemical Kinetic Eguations .

There is no particular virtue in writing what follows in general

form for any diatomic molecule, If done in general, some of the expressions
will become too lengthy and cumbersome., Any reader ir _erested in using
the present approach for his particular reaction will certainly want to
rederive all the expressions on his own, Thus, we will specialize all

the feollowing discussion to oxygen as a typical component of air.

Coneider the reactien
¥

e+az+ug‘jaz+a [?]
d
where the third bod; M, could either be 0 or 0,. The k's are the
reaction rate constants. Let a superscript on them indicate the type
of third body under consideration, and also let {3{] denote the instantaneous

concentration of oxypen atoms in molesfcm™, the reaction rate can be

expressed as

L), 0[P - a2 [oF B+ ¢ B+ 2% B [€]

d

The concentrations can be written in rerms of mass fractiors as

3
] =5~ Fommeis i
| L]

{:62] = Efp-'g (i'y) 3

RR-5, 3-62 3 : ‘




where W=16 gm/mole and ¥ is the density of the gas mixture.

From Ref. (6}

whare » [gé]

3
; 8 _-1 33,365 | cm -
&d » 3.6 x 10 T éX?{ T } wole sec *

-

and T is in °K, We slso know, Irom theoretical chemical kinetics,
within the restriction that a Boltzmann distribution exists at the non-

equilibrium temperature, that

.0 b
Bk g il
_d,-——:—‘K(T} 5 L‘ﬁ
% 362 kﬁ c
TR r
where K (T) is the equilibrium constant. For the temperatures that

occur in oxygen when fliving up to velocitiss of about 23,000 ft/sec,

Kﬁ is given from statistical mechanics by
7 -325.317 ]
-2273.8 | 228 "2_3" l »53 365
. §;2 1;2 ] _:;__3_"?‘2'5_?32?,}& T 3 —_:_
R {T) = 2.93 x T {1 - & & }s 11 ‘;92 -1
i3+ 2.027 3
| S—

(g ™

above expression can be
approximated, with less than 1070 error (8) by

. . .. e
In the range berwsen 300G K and 8345° K, the

T 3°
cm

=172 .
K AT) = 1.2 x 107 T2 oyp( 32,000, moles [3

RR-5, 3-52 &
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Thus, from Eqs, 10, 11, and 13

k=3 x1 T ;;:—g——- 5
r moles sec
_—
Inserting %qs. 9, 10 and 14 inte 8 yields
8y ’533-{25:.%§f+a.§)-§ & ¥ 41y + 9) fis
dt d ;] ¥ g r &'2 ' ! i

where the tilde has been sdded to emphasize thar tiue quantities are, in
the case of turbulent flaw, composed . 8 time averaged and an
oscillating value.

Rewriting Eq. 15 in terms of =mean znd fime dependent quantities gives

rrarad { -i-aé}af;—}(‘:v}}iiﬁ-i {y+y') + 4.5

E
g

-r S 2 P 1-.2 {_ Y
e i) (B10rhy') + a E‘f}}

=5

where we have used rhe faci That

= gé?‘i
}"‘(C} - g;\gz }’ 4, and

o~ = = )

¥(o) = y(t) = y(t) = y(z}.

Carrying out the operaticas in Eq. i6, taking time averages, and
considering that the time average of s primed quantity or its derivative

is zero, leads to

%, = -

&y == X 1714

at T 27 i
W

where

R&-5, 3-62 7
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'(& 5420.5y) (1~ y}{f;k %—““ ’} -i-uiy’ ' {1

-20.5 pk, *.;: Py} (16-41y)

. £
+ PPy o
PY |

ad
i

772+ 2 (DPYPTEL

o
+5

avior of the cerrelarion func

1d

m

cou

uf to the sixth order. It should be noted
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in these equations,
iaminar flow is the

=9

order correlations while Eg, 19 contains

Fint

that in deriving Egs. 18 and

P

+ Q;;f?k;yja-azkr;a v

w ¥

L
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19 no terms were neglected, and that no restrictive assumption was made
regarding the size of primed quantiries relative to the corresponding

mean values ({i.e. i)’!é{k}i

In order to reduce Egs. 18 and 19 to a tractable form, it will
be necessary to derive expressions or evaluate the correlation functions
that appear. Very few correlatiens higher than the second have been
=made in turbulent fluid mechanics which are applicable to the present
problem, If the oscillating quantities are small compared to their

gher than the second will not be

’.m

respective mean values, correlations hi

= =

of importance. In the case of hypervelocity wakes Slattery and Clay (&)

show that (? )Iifxr- 0.5, which

is far from small. However, 'in order to
make the problem tractable, it will be asssumed in the present paper that
only second order correlations are of imperiance. frer obtaining
numerical results based on this assumption, they will be examined and
evaluated in terms of it. From Bgs. 18 and 19 the second order correla-
tions required are

2 e
?! r ¥ ¥, ?‘%‘é:
i i

i Pk, and y'kI . Ei_j

——

—

- 5 s ; G ¢ . 2 2
These functions should be expressed in terms of ¢, p'T', and T'". It
will then be necessary to expand each of the prime quantities in Eq. 21

in ' and T', take products and then time averages.

ooy

From the perfect gas law
prp’ = RGP (THT°) (loyey") 2
or

pro'= R[pT+(D ] (y4y") [225]

Siace the perturbation prassure will depend on the square .. the perturb -

tion velocity, it will be assumed, as a first approximatien, that p'= §,

A discussion of this point is given by Kistler, with regard to compressible

boundary laver work, in Ref. 7, p. 295, Simultaneous measuvements of ali

the oscillating quantities in EqQ. 22 have nct been made, even when y+y!

&R-5, 3-62 ¥
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Some pressure measurements made in boundary layers by differeat investi-

gations for various flow conditions are briefly reported by Willmarth
(Ref. 8, p.112) from which
‘11* |
=3 4 3 =
\ c <X M F-] -
16 2 M, Lg3

where y is the ratio of spéiific heats, and M is the Mach number of

the flow external to the boundary asayer, In order to apply this

result to & turbulent wake, it is thought that the significant Mach

number should be based on the velocity defect across the turbulent cure,

of the wake, Thus, for a blunt obiect Egq. 22 will approximately be -
(o7

p }1{;’; & 13-2

Setting p'=0 in Eq. 223 and selvia

reduced to

= l
o
Py
4]
[ |
>

gives

tn! st L ﬁl,g'i?l . ~E H T
ye— ;XL +»¥:; + -(;+y)(§r +-%} + $i-—)

{1+y)d B o
F T + aT ] ET )
yt: T — + . 5' ’_- "}'_‘! Q'T’ _ : ¥ [2&%
1 +’§; T'E" +—;;T )

or, if using Eq. 220

]
|
%
Al
I.c-.l
L

order than the others, and can therefore be neglected. In order to end .
up with oscillating quantities of a single variable in each term, and

since the oscillating products are such that are not any easier to

measure than the single gquantities, we will expand the last term in
parentfesis and the denom’nator of Eq. 24a into a power series of

g'/z and T'/T, When the same is done for ké and k: the results are

"
]

2
ll
o
-
"
o
b
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E Tt T*E)]
k! =k {-nz +0 )i -
T T T Tﬁ _J

Taking the products necessary to construct ~he expressions in Eq. 21, and

averaging in time yields -

¥

H

: _!2‘ 7_ imi LR
;*7 - (1-;-3;)2 (9— A ,; + 3——\4- triple correlations

i ¥

' T . R
5k - pky 4 -fjr— + triple correlations
i i =
i

}ﬁ:é{ ta’\
y'k: = -(14y) k, g f—L __;..'.i.'__..' triple correlations

d T TE

7

\ [26]

— it wt
y'k! = {14y} k_=n *ig—?' + =i+ triple correlations
g r AP e




Inserting Eqs. 20 into Eg=. 18 and 19 vields, after dropping third and
higher order correlations,

4 Y :
p = r° . = g1l
Id-ia}ﬁ L 2 fBifL"Pf ;}T]} [2;3
i

'L

wheare
£, = (4.5 + 20,50 (-, =~
. . {ﬁ- 1 )
f2 = {14y} Lﬁ(lé-éiy) + 23.5(1+y}i s
- N £
53 = {1+y)(36.5 ~ 20.5y),
f& w (4.5 + 20.5v) (1-v) q-(1+y) | q(lé-éiy) + 5 3_/
and
2
- — —r —_—
2 i g TiE P05 T ~
T ‘?—\k g+s-—-*g?’—+gf’——} 29
r i - {_’
@ (f’m/ r{:z 22 T3 o 3]
where

g, = (ly + §)y2,
- 3(1 Ty} Liy+e)y + {&ly+3)(1+;;! E
g8 % ¥ {jﬁ}y+§)y+3(1+y) [Eéiv+3) (éil) -2(41y- %]:} [?é]

4 *-‘= 5 Gly+6) (L y+2 E (61y+3) (i*y) (ﬁiyﬁ)y -

Miw

It should be pointed sur rhat fi and 8y in Eqs. 28 and 30, are the
uSual terms thaf appear in the chemical kinetic eguations when there is
no turbulence. The remaining f's and g's can be interprefed as influence

coefficientrs of the correlation functions on the reastion rates,

We will discuss next how to arrive at some reasonable valuyes for

BR-5, 3-52 12



the correlation functions necessary Io solve the problem.

3. ESTIMATES OF THE CORRELATION FURCTIORS BASED ON SOME EXPERIMENTAL

DATA

Therez are many different correlation functions that appeared in the
foregoing discussion., Only few of them have ever besn measured regard-
less of the fluid mechanical problem under discussion, Therefore, based
on whatever experimental data are available, we will have to at least
evaluata the order of magnitude sf the funcrions involved. Ir arder to
do this in a reasonable manner, we will guickly and superficially review
in what follows some of the typical wvalues of certain correlation functions
that have been measured in different flow problems, i.e. boundary layers,

jets and wakes.

3.1 Measurements in the Boundary Laver

Typical measurements are those pressnied by Klebanoff(9) of the

(u’ )1}3/; 5523‘1 in incompressible boundary layers; those of Kistler(?7) of

‘ I = S
{T?)ij'f =10 i:iu,i}i,fz L= 9}:;3-2 18 < 7410 3? (?u}/Fuig.ig in

- ; Ty
compressible boundary lavers betwesn mach numbers of 1.72 and 4.67 where

. . , .
the stagnation temperature was 300 K.

3.2 Measurements in Turbulenr Jets

Data for incompressible jets can be found in Townsend's book (10).

he maximum disturbances cccur near the center of the jet and gives

A
i< 32;2 = & Tt 2= GOS8 . e d : 1 ired £
w') u £0.15, u'v'/u"= .008. Corrsin and Uberoi (11) measured for

a heated jet (T‘Z)U‘? T= iﬁ-i.

3.3 Measuremenis in Wakes

3.3.1 Incompressible Wakes

For incompressible wakes flows Townsend shows that

(u—}) 1’7; £ 04, -uTV/u’ F.006.

v




3.3.2 Compressible Wakes

Demetriades (12} measured {?u)‘ffu %0.40 in the wake of a

nder at free stream mach number of 5.8 and Reynolds numbers between

oo
e
e

OU and 48,500, Slattery and Clay (4) have taken schlieren photographs
of the wake lefr behind a spherical projectile of 172 inch in diemster
flying at 8370 ft/sec in air at a pressure of 30 mm of mercury. They

£
&

e
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he negative at several portions downstream
of the projectile and derived from them the density fluctuations as given

in the foliowing table:

i0 56 400 800
.03 0.25 | 0.90 | 0.50

The fluctuations in density can be seen to be quite large, and they are the

first experimentally derived values obtained at hypervelocities. These

values should be compared with p'u’ /pu %0.4 obrained by Demetriades (11).
i i
Most of the oscillation of the mass ftlow correlation must be due to the

iation in density, because if it were due to the oscillation in

"lu.

osci

Ly

"]

the turbulence would be pro-

et
v
.

velocity, the kinetic energy invested

-
[w]
L1l

a a high value for the density

[

e
i

ibitively large. Before use

La
e
]

ctuation, an attempt will next be made of explaining why such a value,

although high, could be justified in the case of hypersonic wakes.

a hypervelocity sphere {(Fig. 1) that

k]
n
Pt
[ =¥
m
s
re
(o
1,
B
N
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has a turbulent wake., Lees and Hromas (3) have analyzed, in some detail,
the behavior of such a turbulent wake in eguilibrium fiaﬁ.‘ Within

the turbulent coTe, one would expect to have eddies of various tempera-
tures, The range of temperature variation of the eddies would be

between the low temperature in the inviscid flow at the turbulent edge

snd the highest value in the turbulent core. Hromas (13) has given the
author some of his calculations for a turbuleat trail of s sphere of 1/2
inch in diameter, flying at sea level at 9500 ft/sec., Ar this velocity
there are no chemical reactions and the entnalpy on the ceanter line ha’ af

k1

trail divided by the edge value hf, is equal to the corresponding

RR=5, 3-82 i4
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I el

For a blunt body, close Lo t he wake's neck, Tafff sazould be near unity;
very far downstr-am, when all the gas has conled, TG}TE - 1. In

between, the outer inviscid wake coels rapidly and this ratic should

o

have & peak. Fig. 2 shows this ratic for two bodies under different

light conditions.

Lo

We will use the 9500 ft/sec curve to arrive at some conciusions

ag the turbulence structure necessary to make possible a value

-*;* {zx? 0.5, as obtained by Slattery and Clay (4). Let us assume

oot

chat in the turbulent core we have a mixture composed of lumps of hot
and cold gas, which if ne radial gradients of pressure allowed, represent

H

spots of low and high density gas. Let ?c’?h and ? represent respec-
tively the density of the colid gss, the hot gas ané the mean value.

We will assume thar the structure is periodic in space with s period
of length L. We will neglect that the gas may be reacting chemically.

Thus

£,

i‘%’i (1]

The magnitude of the temperature T for the cold gas would not be lower
£

{although it may be higher} than ngthe tenperature at the edge of ths
turbulent wake. Th would be highe% than the mean temperature calculated,
for example, by Lees and Hromas, Thus,gza would be approximately given
by
T 32
T,= ?c}If {:{]

Let the value of the square of the density fluctuation be given by

—=
%E'fz : E:’j

i

N

7
where the total density f is given by J = ﬁ+g

ﬂ

and the density

¥

g

structure is assumed to ue a5 shown in Fig. 3. For that structure, the mean
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FIG. 1

WAKE BEHIND BLUNT BODY AT
HYPERSONIC SPEEDS (Ref. 3)

FIG. 2

TEMPERATURE RATIO OF CENTERLINE -
TO EDGE VALUES FOR TURBULENT WAKES

FIG. 3

ASSUMED DISTRIBUTION OF DENSITY
IN A "TURBULENT" GAS
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density is given by

(. -p) €= (p-py) (-ed,

or 4
5 —~ =
fi = 1+ fﬁi - 1} €, L?é;
Th
where € is defined in Fig. 3.
Interpreting Eg. 34 for the structure of Fig. 3, gives
. 2 , L2 :
i oA
b ¢ {f Fn . -~
KIT 51——-—;—- {i-¢) =i,
which can be rewritten as
- 2 o =;§ }’ i 2
[ o4 - fall? F4 &
TR -p-2) e i-F) =72 5]

We would like o ask now, that if one specifies a2 value af'zi {obtained

from Lees and Hromas's calculations) and’iz {obtained from Slattery and
Clay's measurements),is there any hope Io find a value of ¢, from Egs. 34

and 35, that would make physical sense for the model of Fig. 3. Physical

sense means that the value of € satisfies

0 L e &1 [36]

and even more, € should be small compared to unity; that is, only less

han half of the mixture should be cold gas.

t
1f the value of ?hf? from Eq. 34 is used i. Eq. 35, solving for ¢ leads
to
-Q2T, - W) wi\é (2T, - W W -4 (@, + DT _
g = —= ; 2 w" ! §3€}
2 fﬁé + 1} W —-
where W -‘E% - 1, (é%}
i7
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Differentiation of Eg., 51 with respect te
50 iead te

P

wh

4y oy g ‘2 I-:
2 is i5 4 } &
tope e exp 22754/T)-1 Ru_ VIV
4T - (exp 2274/T) Lo /0
—-— — =
ds C
1.37 + 3.3 + {i-y}{"_ ;i 2}
i . - &=
* i i{exp 22?4;”1‘}-1]_1
= [s2]
Il
In order io sclve the differential egquations 42 and 52 it is necessary
to prescribe the pressure on the streamtube as a function of s. Since
we are interested in a biunt body, we will prescribe a Newtonian pressure
distriburion on the noss as
e - g - = = =0 - H
T = 0= 5= (.95(=553} {33
¥
@
where the subscript s dengiss stagnation conditions. Let Pen denote
£33

point, then the pressure can

be expresses (15} as
r . S
Py 1
P {_} + 2 (s-3y | P, 1 4 —t— : 2 E
@ 2(s-5
2
BR-5, 3-62 G
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1

Finally, the correlatien functions necessary in Egqs. 27 and 29 are
§j§f?g; gjgf?z and ?7§;f?§i The calculations will be made for the

case where the streamtube has no [urbulencs from s=0 to s»3, it builds
up linearly with distance until it reaches sws; {i.e. in ore radius) to a

value that stays constant with s (Fig. &), i.e.

B2 o E piwreei _ ’ ~
T = DT = T T =0 for 0% s €3 61
i f f; - ;_]
T, ss ™)
gz - 31 7 i,
52751
-
2 5=5
S = a *——E— 2 2 51
§;2 2 sz'sz > 31 * B = 32? féa
—_ .
=Tt - a s si
i?z 3 s.-8, 7
271
—

— — =
TV = oa o le nd o'T' o C
=2, P ;§ s r?i?‘f""z e 152
H

5. DISCUSSION OF NUMERICAL RESULIS,

Before deciding what values of a;; 8, and a, should have in
the calculations, it is important 1o realize some of the restrictions
that have to be imposed.

Only a, has been measured (4). Thus the other a's have to be con-
jectured. a, and ay are §§$itive!ééfinite. In a non-reaciing gas,
v = constant ané if ian Eg. 22 3 g = U, ?ift would alwavs be a negative

gquantity, and further more would be zerc. However, in our ¢aleulations

_T5 . . e s o
- T was assumed to be negative or zero. No calculafions were mace io¥

RR-53, 3-62 23
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"I’ positive. It also follows, from the non-reacting case, that 3= &

[

4
[

1 and a. were used aiso,

A physically impossible combination of a's manifests itself in an
he

Various other relative values of 3
obviocus way by Ié becoming negarive. Ig or Ir both have to positive
at all times.

If the a's are kept swaller than i%ez, the present problem as treated
herein is approximately correct. For larger values of the a's the triple
and higher order correlation terms, which have been left in the calculation,
become important. These could be kept, but the difficulty is to prescribe
reasconable values to them in a particular calculation, since not only have
they not been measured, buf if may be impossible to do so.

7%

Fig. 4 shows the {emperature T and atomic oxygen mass fractionm ¥y,

]

along a strezmtube as a funciicn of downstreas distance measured from the
normal shock non-dimensionalized with respect to nose radius. Iwo spheres
have been used, one of 1/2 inch r..lius and the other of 5 inches, flying
et 20,000 ft/sec in an oxygen simosphere where density is iﬁtzthe normai

vaiue. Wwhen %/1r_ =0, the temperature reaches a high value while y=J.
3

s
Afrer dissociation the temperatur .

- F
=

€ 4rops and y builds up. Fig. & shows
It can be seen that for large values

Y

ago reached the free-streasm value, tre

o
L&
t
18]
L&
L
m
ﬂ
gt
A
i

)
"
m
L]
m‘
o
"
1]
=
&
7]
o
[
£

variables reach 3 constant equilibrium vaiue. The reason for the equi-

iibrium states for each sphere i5 not the same is due to different en-
tropies of the flow in each case: for the smaller schere the flow is
further ocut of equilibrium during the expansion process, thus leading
to a larger eniropy in the final state, which represenis a higher final
remperature,

It should be noted that the final equilibrius state will be affecteg
by the jresence of turbulence. This can be clearly seen from the reacrion

PR Y

ons when they go to egquilibrium. One other way of looking at

[
]
e
L]
1
£
fo
]
~
nnh

this fact is that the turbulence terms modify Gibbs' funcrion, which when
minimized, leads to a differenr equilibrium condition.

Figs. 5 through 7 present some of the results obtained for the case

RR-5, 3-62 24
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T

sches. In these figures the curves should be compared with the

=iz

[N
[l
"
L2
i

I =
i
nen-turbulent resulfs. The sciid curves are to be trusted, while the
dashed ones cannot be proven to be correct. However, the fact that they
form a reasonable family is meaningful. In Fig. 5 for exsmple it should
be noted that although the final egquilibrium temperature is increasss by
at most 300°K when the flow is turbuleani, between & = iéf the increass

can be near 1000°K. This hotter wake could rhen lead to significantly
more radiation. Using the data of these figures, it is possible te caidu-
late the absolute magnitude of the radiation for the different assumed
situations. Such resulis would be more sensitive to the turbulence than
the temperature variations.

Figs. 8 through 10 give similar results for the case where the

sphere nose radius is 172 iach., It can be shown that if the correla-
tions neglected in Egs. 42 fo 49 were included in the calculations,

higher remperatures would ensue.
6, CONCLUDING REMARKS

From the foregeing resulrs it can be said thar turbulent chemical
reacting flows under the conditions studied can lead to flow flelds, which

st any given station sre of a higher temperature than without turbulence.

!

The fact that, in hypervelocity wakes, the mean values of the turbuleat

[

rreila~ions can be large, leads to the possibility of significant effects,

n

3%

=
although we have not proven this with ail the necessary rigor. The sur-

face has just been scratched and much work remains to be doune.
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